The key pathogenic steps leading to spinal muscular atrophy (SMA), a genetic disease characterized by selective motor neuron degeneration, are not fully clarified. The full-length SMN protein (FL-SMN), the main protein product of the disease gene SMN1, plays an established role in the cytoplasm in snRNP biogenesis ultimately leading to mRNA splicing within the nucleus. It is also involved in the mRNA axonal transport. However, to what extent the impairment of these two SMN functions contributes to SMA pathogenesis remains unknown. A shorter SMN isoform, axonal-SMN or a-SMN, with more specific axonal localization, has been discovered, but whether it might act in concert with FL-SMN in SMA pathogenesis is not known. As a first step in defining common or divergent intracellular roles of FL-SMN vs a-SMN proteins, we here characterized the turn-over of both proteins and investigated which pathway contributed to a-SMN degradation. We performed real time western blot and confocal immunofluorescence analysis in easily controllable in vitro settings. We analyzed co-transfected NSC34 and HeLa cells and cell clones stably expressing both a-SMN and FL-SMN proteins after specific blocking of transcript or protein synthesis and inhibition of known intracellular degradation pathways. Our data indicated that whereas the stability of both FL-SMN and a-SMN transcripts was comparable, the a-SMN protein was characterized by a much shorter half-life than FL-SMN. In addition, as already demonstrated for FL-SMN, the Ub/proteasome pathway played a major role in the a-SMN protein degradation. We hypothesize that the faster degradation rate of a-SMN vs FL-SMN is related to the protection provided by the protein complex in which FL-SMN is assembled. The diverse a-SMN vs FL-SMN C-terminus may dictate different protein interactions and complex formation explaining the different localization and role in the neuronal compartment, and the lower expression and stability of a-SMN.
Introduction then replated at a density of 5 x 10 4 cells/flask. The a-SMN expressing clones [33] were cultured in low-glucose (1 μg/l) DMEM medium (Life Technologies, Carlsbad, CA) supplemented with 5% TET-System-approved fetal bovine serum (Clontech, Mountain View, CA) in the presence of 10 μg /ml of Blasticidin S and 50 μg /ml Zeocin (Life Technologies). For Western blot (WB) and immunofluorescence (IF) experiments, the cells were grown in culture dishes pre-coated for one hour with Matrigel Matrix Basement Membrane (BD Bioscience, Bedford, MA) diluted 50 times in DMEM.
Plasmid generation and transfections
Human FL-SMN and a-SMN cDNA fragments were in frame cloned in the pcDNA4/HisMax-TOPO expression vector (Life Technologies) as previously reported [13] . All clones were fully sequenced. Transfection was performed with Lipofectamine Plus (Life Technologies) by standard procedures. For WB analysis, NSC34 cells were washed twice in ice-cold phosphate-buffered saline (PBS) without Ca ++ and Mg ++ ions, detached with a cell scraper in 2 ml of the same buffer, and centrifuged at 1,000g for 5 min.
Protein stability assay
HeLa and NSC34 cells were co-transfected with equal amount of pcDNA4/a-SMN and pcDNA4/FL-SMN. After 20 hrs cells were treated with 100 μg/ml cycloheximide (CHX, Calbiochem, Darmstadt, Germany) to inhibit protein synthesis. Cycloheximide-treated cells were harvested at different time points (0, 1, 3, 5 and 7 hrs) and processed for immunoblotting with anti-tag antibody (anti-Xpress, Life Technologies). Anti-actin antibody was used as internal controls. To evaluate the effect of ubiquitin proteasome pathway (UPP) block on a-SMN and FL-SMN half-life, NSC34 cells were co-transfected as reported above and after 20 hrs were treated with MG132 (5 μM: Sigma-Aldrich, St. Louis, MO, USA). At 40 hrs post transfection, cells were treated with 100 μg/ml CHX, harvested at the time points considered (1,3,5,7 hrs) and processed for WB analysis.
Antibodies
The anti-peptide polyclonal antibody raised against the C-terminal region of the human a-SMN (#910) was prepared in rabbits in 2005 by NeoMPS (Strasbourg, France; diluted 1:500 for IF). The specific antibody samples used in this study have been previously described [13] . 
Western blot analysis
Transfected cell cultures were lysed in buffer containing 0.1M Na-phosphate (pH 7.4, 0.2% Triton X-100, 0.1 mM EDTA, 0.2 mM PMSF, 1 μg /ml aprotinin and 1 μg /ml leupeptin) by threerepeated freezing and thawing cycles. The resulting cell lysates were centrifuged at 13,000 g for 10 min. Proteins were separated by SDS-PAGE (12% acrylamide) and electro-blotted on nitrocellulose paper for 1 hrs at 180mA. The nitrocellulose was blocked overnight with 10% no-fat milk in Tris buffered saline (TBS). The primary antibodies were diluted in 5% no-fat milk in TBS and incubated with the nitrocellulose for 1.5 hrs. The membranes were rinsed in TBStween 20, and incubated with the secondary antibodies (IRDye 800-labeled goat-anti-mouse IgG, LI-COR Biosciences, Lincoln, NE; diluted 1:15,000) in 5% non fat milk in TBS for 45 min. The Odyssey infrared imaging system (LI-COR Biosciences) was used to measure protein concentration. Scanning parameters (non-saturated signals, resolution of 84 or 169 μm for high/ medium quality) were set according to the manufacture's instructions. Outlines were drawn around the bands and the integrated intensity was calculated after subtracting background. The amount of SMN protein was normalized versus actin signals and compared among groups.
Quantitative analysis of FL-and a-SMN transcripts NSC34 cells were co-transfected with human FL-SMN and a-SMN cDNAs and subsequently treated with actinomycin D (actD, Sigma-Aldrich; 5 μM, inhibitor of transcription) or CHX (100 μg/ml, inhibitor of translation). The total RNA, prepared using miRNeasy Mini Kit (Qiagen, Valencia, CA), was reverse-transcribed, according to the standard procedure using GeneAmp RNA PCR Core Kit (Applied Biosystems, Branchburg, NJ). The levels of FL-SMN and a-SMN transcripts were determined by quantitative RT-PCR (qRT-PCR) with SYBR green (Applied Biosystems), using oligonucleotides amplimers specific for human FL-SMN (5'-ctgtgttgtggtttacactgg-3', the nucleotides 529-549 and 5'-cactttcatctgtt gaaacttggc-3' complementary to the nucleotides 650-673 of the human SMN sequence NM_00034), and specific for human a-SMN (5'-aaatctgtccgatctactttcc-3', the nucleotides 571-592 of NM_00034 and 5'-acagtttctcatctagtctctgc-3', complementary to the nucleotides 38-60 of the third intronic sequence: 17,656-17,678 of the human SMN1 genomic sequence NC_000005.10). None of the amplimers recognized murine endogenous FL-SMN nor a-SMN transcripts. The results were normalized using the Taqman probe specific for mouse beta-actin (Actb, Mm01205647_gl. Applied Biosystems).
Drug Treatment
To verify a-SMN and FL-SMN processing, NSC34 cells were co-transfected with pcDNA4/a-SMN and pcDNA4/FL-SMN and after 20 hrs were treated with the proteasome inhibitors MG132 (5 μM) or lactacystin (2.5 μM, Sigma-Aldrich) or a calpain inhibitor calpeptin (50 μM, Calbiochem, Darmstadt, Germany). Treated cells were harvested at different time points (8, 16 hrs) . Similar experiments were also performed on the a-SMN81 clone. After 24hrs plating, cells were treated with MG132 (5 μM) or lactacystin (2.5 μM) for 8 or 16 hrs. For WB analysis, treated cells were harvested and pellets were frozen at -80°C until use.
Immunofluorescence analysis
Transfected cells were fixed with 4% paraformaldehyde in 4% sucrose in phosphate buffer pH. 7.2 (PB). To avoid a crosslink with non-specific epitopes, cells were rinsed three times in low concentration salt buffer (LS; 150 mM NaCl and 10 mM PB at pH 7.4) and three times in high concentration salt buffer (HS; 500 mM NaCl and 20 mM PB at pH 7.4), and then incubated in goat serum dilution buffer (GSDB, 3% normal goat serum, 0.1% Triton X-100, 500 mM NaCl and 20 mM PB at pH 7.4). Cells were incubated with primary antibodies for 3hrs at room temperature and then for 1hrs with Alexa Fluor 488 or 546 antibodies (Molecular Probes, Eugene, OR, USA; diluted 1:2,000). Cells were repeatedly rinsed, coverslipped with Fluorsave (Calbiochem) and examined on a TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany).
Cell measurements
Confocal microscope images (200x magnification) were captured from three different experiments in each setting (in both co-transfected NSC34 and a-SMN cell clones, with or w/o MG132). At least 50 neurons completed included in the imaged fields were randomly selected for each group. Axon length, somatic area, axonal abnormalities (i.e., irregular neurites with or without neuritic swellings), and FL-SMN distribution were quantified by means the Freehand Line Tool of the Image-ProPlus software.
Statistical evaluation
The significance of the difference in a-SMN vs FL-SMN mRNA expression, and the effect of MG132 on FL-SMN and a-SMN half-life were evaluated by unpaired Student's t-test. Differences in mean axon length and somatic area between treated and untreated cells were assessed by unpaired Student's t-test, whereas differences in neuritic abnormalities and FL-SMN distribution were assessed by chi-square test. All the other statistical analyses were performed by means of one-way ANOVA followed by Tukey HSD as post-hoc comparison test, using a free web utility (http://vassarstats.net/). All data were expressed as mean ± SEM of three independent experiments, and difference considered significant when p<0.05.
Results

a-SMN has a shorter half-life than FL-SMN
Relative to FL-SMN, a-SMN is characterized by much lower steady-state levels in spinal motor neurons in vivo [13] . We therefore investigated mechanisms possibly underlying the a-SMN low intra-cellular levels, using easily controllable settings such as cultured cells in vitro. We first compared possible difference in the FL-SMN vs a-SMN intracellular protein stability. To do this, we verified the intra-cellular level of the two proteins after transient co-expression of N-terminally tagged constructs encoding human a-SMN and FL-SMN for 20 hrs, and subsequent block of protein synthesis through cycloheximide (CHX) treatment (Fig 1) . NSC34 cells were harvested at different time points (0, 1, 3, 5, 7 hrs) after CHX and the protein levels examined through quantitative western blot analysis. As shown in Fig 1, WB of cell lysates revealed that a-SMN protein levels were already significantly reduced after 1hrs of CHX treatment and almost absent after 7 hrs ( Fig 1A and 1A 1 ). By contrast, FL-SMN protein levels were significantly reduced after 7 hrs of CHX treatment only ( Fig 1A and 1A 1 ). To verify different a-SMN vs FL-SMN stability also in non-neuronal cells, we performed similar experiments in the human epithelial cell line HeLa, confirming rapid and progressive reduction of a-SMN after CHX block and much slower reduction of FL-SMN, which again became significant only after 7 hrs of CHX treatment ( Fig 1B and 1B 1 ). We next verified whether the different a-SMN vs FL-SMN protein levels observed in vivo [13] were due to different stabilities of the corresponding mRNAs. NSC34 motor neurons were transiently co-transfected with a-SMN and FL-SMN constructs for 20 hrs and then treated with either actinomycin D, to block transcription, or cycloheximide, to block protein translation and allow mRNA accumulation. After transfection, the basal expression (i.e., before either treatments) of the two mRNAs, as measured by qRT-PCR, did not differ significantly (Fig 2A) . After actinomycin D treatment, both a-SMN and FL-SMN levels showed comparable and progressive decrease, and no difference in the mRNA decay became evident (3-5 hrs half-life for FL-SMN and 5 hrs for a-SMN mRNA: Fig 2B) . Similar results were obtained after cycloheximide treatment. As shown in Fig 2C, CHX treatment led to the increase of both FL-SMN and a-SMN mRNA levels (approximately by 7-fold at 7 hrs vs untreated cells), and no difference between the two transcripts became evident at any time-point considered after CHX (Fig 2C) . These latter data showed that the transcripts levels for both SMN protein isoforms were comparable and no mRNA differences could explain the different intracellular fate of FL-SMN and a-SMN proteins. Taken together, our results demonstrated that a-SMN and FL-SMN were characterized by clearly different protein stability unrelated to mRNA expression, therefore suggesting that the low steady-state a-SMN levels might be controlled by post-translational mechanisms.
a-SMN half-life is extended by proteasome inhibitors
We next verified whether inhibiting the proteasome system could counteract the rapid degradation of a-SMN observed after CHX. NSC34 motor neurons co-transfected with N-terminally tagged a-SMN and FL-SMN constructs were treated with the proteasome inhibitor MG132 for 16hrs or left untreated, and then incubated with CHX. NSC34 cells were harvested at the different time points considered in previous experiments. WB analysis revealed that the MG132 treatment was able to delay significantly the CHX-related degradation of the a-SMN protein by extending the half-life of a-SMN from approximately 1 to 5 hrs (see WB in Fig 3A, and quantification in Fig 3B, left) . Notably, in MG132 pre-treated NSC34 cells an additional a-SMN protein band of lower molecular weight (around 22 kDa) became evident (Fig 3A left, asterisk) possibly related to protein cleavage at the C-terminus, since the antibody used recognized the a-SMN N-terminal tag. We confirmed that the 22 kDa band was related to a-SMN since it was present in single transfection experiments after a-SMN but not FL-SMN transfection (data not shown). MG132 treatment also affected FL-SMN degradation by slightly increasing protein levels (Fig 3B, right) . The effect however was quantitatively less pronounced than that exerted on a-SMN stability, and it was statistically not significant (Fig 3B, right) . To better define the intracellular mechanisms contributing to a-SMN and FL-SMN protein degradation, co-transfected NSC34 motor neurons were treated with different proteasome inhibitors (MG132 and lactacystin) and the calpain inhibitor calpeptin (Fig 4) . Cells were harvested at different time points (0, 8 and 16 hrs) and protein expression analyzed by WB. As shown in Fig 4, MG132 treatment significantly increased both a-SMN and FL-SMN levels at the time-points considered (Fig 4A) . However, the effect of MG132 was more evident on a-SMN than FL-SMN protein levels and progressive over time for a-SMN only (Fig 4A) . Lactacystin tended to exert similar effect on the intracellular levels of both proteins after 8 and 16hrs treatment, but the difference was not significant. In contrast, inhibition of calpain had no effect on both proteins, thereby indicating that the calpain system was not involved in a-SMN and FL-SMN degradation, at least in our experimental setting. To further verify the effect of MG132 treatment at the single cell level, particularly in terms of a-SMN or FL-SMN sub-cellular localization, we performed IF experiments in NSC34 cells co-transfected with Xpress-tagged FL-SMN and FLAG-tagged a-SMN. We used anti-Xpress or -FLAG antibodies to specifically recognize only the transfected (and not the endogenous) proteins. Before MG132 treatment, both FL-SMN and a-SMN were localized in cell bodies and neurites, with the granular (FL-SMN: Fig 4B 1 ) or diffuse (a-SMN: Fig 4B 2 ) staining pattern previously reported [13] [14] 33] . MG132 incubation (8 hrs) deeply modified the morphology of treated NSC34 cells, which were characterized by shorter, thicker, irregular neurites with frequent neuritic swellings ( Fig  4B 3 and 4B 4 ) . FL-SMN was localized in coarser cytoplasmic granules, not extending into neurites (Fig 4B 3 ) , whereas a-SMN was diffusely distributed in the cell body and concentrated in the neuritic swellings (Fig 4B 4 ) . Morphological quantification confirmed that MG132 Western blot analysis and quantification of FL-SMN and a-SMN protein expression after proteasome or calpain inhibition. NSC34 cells were first co-transfected with Nterminally tagged human FL-SMN and a-SMN and then treated with the proteasome inhibitors MG132 or lactacystin, or the calpain inhibitor calpeptin. The "+" and "-"indications represent the presence or absence, respectively, of MG132, lactacystin or calpeptin. The MG132 treatment significantly increased both a-SMN (8 and 16 hrs vs 0 hrs, #p<0.001) and FL-SMN protein levels (8 hrs vs 0 hrs, #p<0.001; 16 hrs vs 0 hrs *p<0.05). Note however that the MG132 effect was progressive over time for a-SMN only. Non-significant differences (n.s.) were detected after either lactacystin or calpain treatment for both proteins vs untreated cells (0 hrs groups). Distinct statistical tests were performed for the two protein datasets, i.e., one for a-SMN and one for FL-SMN. treatment induced a significant decrease of neuritic length (Fig 4C) and also revealed increased soma size of NSC34 co-transfected cells (Fig 4D) . Furthermore, a statistically significant percentage of MG132 treated NSC34 cells showed FL-SMN localization restricted to the cell body ( Fig 4E) and neuritic abnormalities (Fig 4F) when compared to untreated cells.
Finally, we verified the data obtained after transient FL-SMN/a-SMN over-expression in NSC34 cell clones conditionally expressing a-SMN (clone a-SMN81) [33] , i.e., in a cell system stably expressing detectable amounts of both SMN proteins. a-SMN81 cells grown in basal conditions were treated with both MG132 and lactacystin for 8 and 16 hrs (Fig 5) . MG132 treatment significantly increased the steady-state levels of a-SMN, in a time-dependent fashion (Fig 5A) . Lactacystin treatment was also effective in increasing a-SMN levels at both time points considered (Fig 5A) . By contrast, neither MG132 nor lactacystin were able to influence the protein levels of endogenous FL-SMN in a-SMN expressing clones (Fig 5A) . We also performed IF experiments to verify morphology and a-SMN sub-cellular localization after MG132 treatment in a-SMN clone81 (Fig 5B) . IF analysis confirmed what observed at the WB level, i.e., the increase of a-SMN staining in MG132 treated cells (Fig 5B 1 -5B 3 ) . NF-200 stained MG132-treated clones were characterized by slightly more branched neurites (Fig 5B 4 , arrow in the inset), neurofilament accumulation in the cell bodies, and swellings along the neuritic shafts (Fig 5B 4 , arrowheads) . For a better estimate of the morphologic abnormalities induced by MG132 treatment, we quantified neuritic length and the percentage of cells showing neuritic abnormalities. As indicated in Fig 5C and 5D , MG132 treatment significantly increased neuritic length (Fig 5C) and the percentage of cells with neuritic abnormalities (Fig 5D) .
Discussion
In this study, we analyze the intracellular fate of FL-SMN and a-SMN mRNAs and proteins to investigate the stability of both proteins and the pathways contributing to their degradation. Our data provided evidence that i) the stability of both FL-SMN and a-SMN transcripts was comparable; ii) the a-SMN protein was characterized by a much shorter half-life than FL-SMN; and iii) as already demonstrated for FL-SMN, the Ub/proteasome pathway played a major role in the a-SMN protein degradation.
The a-SMN transcript is generated by the retention of the short intron lying between exons 3 and 4 of the SMN1 sequence, introducing a premature stop codon. Nonsense-mediated mRNA decay (NMD) is a general surveillance cell mechanism eliminating transcripts harboring a premature translation termination codon, including mutated mRNAs from SMA affected patients [35] . In theory, the low steady-state protein levels of a-SMN could be determined by the NMD mechanisms, affecting a-SMN mRNA stability and hence reducing the biological relevance of the protein. However, our data with both transcription or translation blockers clearly showed comparable stability of both a-SMN and FL-SMN transcripts at every time-point considered (Fig 2B and 2C) . It is worth mentioning that similar mRNA stability was reported also for the FL-SMN and Δ7-SMN transcripts [36] . Based on the present data, no differential processing of the FL-SMN vs a-SMN transcripts, including NMD, could explain the different intracellular fate of the FL-SMN vs a-SMN proteins.
Other groups have previously analyzed the intracellular stability of FL-SMN vs Δ7-SMN proteins, showing that the two proteins were mainly degraded via the Ub/proteasome pathway and that the Δ7-SMN turnover was on average two-fold faster than that of FL-SMN [37] [38] [39] [40] [41] [42] . In keeping with those previous results, the present data show that a-SMN is subjected to the same intracellular pathways degrading Δ7-SMN and FL-SMN. All three SMN isoforms have identical N-terminal structure and share in the protein N-terminus the majority of lysine residues, i.e., the potential canonical site for the start of the ubiquitination mechanisms.
According to the present data, the calpain system is unlikely to play a role in a-SMN degradation. Interestingly, neither a-SMN nor FL-SMN isoforms were substrates of the calpain degradation system in our experimental conditions. This is at variance with previous data demonstrating that FL-SMN is a direct target of calpain cleavage [40] . Even if most calpain cleavage sites were mainly located in the C-terminal part of FL-SMN sequence, i.e., outside the a-SMN sequence, a potent cleavage site was reported in exon 2b [41] . Therefore, we cannot exclude that the calpain cleavage of a-SMN might be relevant in more physiological in vivo conditions and not appreciable in our experimental settings.
More importantly, our data revealed that the a-SMN protein was characterized by a much shorter half-life than the FL-SMN counterpart. This was here clearly demonstrated in two different-neuronal and non-neuronal-cell settings after forced expression, and confirmed in a-SMN clones, i.e., in a cell setting stably expressing both SMN isoforms. Both FL-SMN and a-SMN proteins likely exert their effect more prominently during development. This is suggested by the a-SMN profile of expression on one side [13; 42; 43] , and by recent results from different therapeutic strategies in mouse models for SMA. These latter data clearly demonstrated that the time-window for effective therapeutic intervention in SMA mice was restricted to the first post-natal days and that most likely no overt levels of the FL-SMN protein were required in the adult period [44] . The slower degradation rate of FL-SMN versus a-SMN is probably not related to the diverse function of the two proteins but rather to the protection provided by the protein complex in which the FL-SMN protein is assembled [45] . Indeed, the a-SMN and FL-SMN (and Δ7-SMN as well) differ for their C-terminal tail only. Most likely the diverse amino acid sequence of the C-terminus dictates different protein interactions and diverse protein complex formation that could explain the different localization and role in the neuronal compartment, and the lower expression and stability of the a-SMN protein. Previous studies demonstrated that deletion of FL-SMN exon 2 and 6 (i.e., domains relevant for FL-SMN selfassociation) decreased FL-SMN half-life, therefore indicating the relevance of oligomerization for FL-SMN stability [39] . Since the FL-SMN recruitment into a macromolecular complex made the protein more resistant to degradation than monomeric FL-SMN [39] , it was proposed that FL-SMN existed in two biologic forms, the first with a relatively short life, the other assembled in a complex much more resistant to degradation. In addition, it was shown that direct interaction of FL-SMN with protein kinase ASK1 and the de-ubiquitinating enzyme Usp9x stabilized the protein that became less susceptible to proteasomal degradation [45] [46] . The a-SMN protein retains the exon 2 but it lacks the exon 6 sequence. It is possible that a-SMN may interact less stably with other proteins through its different C-terminus and be therefore less protected from proteasome as well as other degradation systems. In this context, it is interesting to note (see Fig 3A and 3B ; [13] ) the possible cleavage of a-SMN at the C-terminus, further suggesting that a-SMN may be also degraded by other catabolic pathways when the proteasome system is blocked.
Since SMA is a typical loss-of-function disease and all SMN isoforms are preferentially degraded by the proteasome system, using proteasome inhibitors is theoretically a promising therapeutic option for human patients. In this regard, some drugs specifically affecting the proteasome system are FDA-approved and currently use in clinics (eg, Velcade for the treatment of multiple myeloma patients) [47] . Also, the proteasome inhibitor bortezomid significantly increased FL-SMN protein levels and improved motor function of SMA mice [45] . However, general inhibition of proteasome activity could be very toxic in the long-term setting of the treatment of a neurodegenerative disease. In addition, our morphologic and morphometric analysis of cells treated with proteasome inhibitors did not seem to exert beneficial effects. Even if MG132 treatment increased neuritic length in a-SMN cell clones (Fig 5C), i) the absence of the normal FL-SMN trafficking into neurites of NSC34 co-transfected cells (Fig 4E) , ii) the a-SMN localization in abnormal neurite regions of a-SMN clones where neurofilament accumulation was evident (Fig 5B-5D) , as well as iii) the decreased neuritic length, increased soma size, and overt neuritic abnormalities of NSC34 co-transfected cells (Fig 4C, 4D-4F ) are all factors indicating MG132-induced alterations of the normal axonal growth or homeostasis. Obviously, these data need to be interpreted very cautiously, because blocking the proteasome could easily interfere with most protein systems, reasonably affecting the homeostasis of the cell independently from the SMN system itself.
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